We present calculations of dierential, integrated elastic, total momentum transfer cross-sections and spin polarization parameters S for scattering of positron from Eu and Bi atoms in the energy range 2.0 to 500.0 eV using relativistic approach. The target projectile interaction is represented both by real and complex parameter--free optical potentials in the solution of the Dirac equation for the scattered positrons. The theoretical results are obtained from relativistic approach based on solving the Dirac equation using HartreeFock and DiracFock wave functions to calculate cross-sections at all the energies considered.
Introduction
Interaction between electron/positron and radicals are known to be one of the key drivers of the physics and chemistry of industrial plasmas [1] . Chemical models to allow for optimized process control of plasma rectors consequently depend on the availability of the positron colli- [2, 3] . In our previous publication we reported dierential cross-sections and spin polarization parameter for positron scattering by radon, radium, and gold atoms [4, 5] by optical potential approach.
A method which has been quite successful for calculating the scattering cross-sections is the model potential approach which seeks to use a complex local potential, generally represented by analytical expressions, to model the actual projectiletarget interaction. The imaginary part of the interaction potential, V abs , which is nonzero for projectile energies above the lowest inelastic threshold, accounts for the absorption eect, that is, absorption of incident projectile ux from the purely elastic results, for positron scattering from radon, radium and gold atoms [4, 5] . In view of this, the present model can be easily applied to study the elastic scattering from systems with open shell atoms fullling these requirements.
Scattering of Spin Polarized Positrons . . . 
Interaction potentials
In the present calculations, we employ a model potential of the positrontarget system by a complex interaction potential V (r) that consists of only three parts. These parts are the static potential V st (r), the correlation-polarization potential V CP (r) and the absorption potential V abs (r), such that V (r) = V st (r) + V CP (r) + V abs (r).
The static potential
The static potential is the average over the ground state atomic charge distribution of the electrostatic interaction of the positron and atom. In case of positron, the static potential is repulsive in nature whereas it is attractive for electron scattering. It is determined by the radial part of the electron charge density of the target atoms, ρ(r), which is obtained using both the non-relativistic atomic orbitals, from the HartreeFock wave function [6] for europium (Eu) and bismuth (Bi). The static potential, in atomic units, is given by
where Z is the atomic number of the target atom and r > is the greater of r and r .
Positron correlation polarization potential
The positron correlation polarization (PCP) potential is dened as a functional derivative of the corrective of the correlation energy with respect to ρ(r) i.e.
with r s as a density parameter satisfying Finally, an analytic expression is obtained (in atomic units) [7, 8] as 
We further mention that in the limit r s →∝ the correlation polarization should approach the correct form of the
4 , where α d is the dipole polarizability of the europium and bismuth atoms provided in Table I . Thus, depending on the location of the projectile from the target, V PCP (r) for e + Eu and e + Bi atom system is taken as
Here r c is the crossing point where V corr and V LR cross to each other for the rst time. 
Positron absorption potential
The absorption potential, V abs , which is non-zero for projectile energies above the lowest inelastic threshold, accounts for the absorption eects, i.e. absorption of incident projectile ux from the purely elastic channel. The absorption potential takes into account various inelastic processes such as positronium formation as well as excitation and ionization of the target by positron impact [7, 8] . In the past, models of various parts of the total interaction potential have been proposed, which contain adjustable parameters that are tted to provide theoretical cross-sections and match the experimental results. In our work, we focus on obtaining model interaction potentials that are free of any adjustable parameters.
According to the quasi-free scattering approximation, the absorption potential for a projectile with local kinetic energy E = p 2 /2m passing through a free electron gas of density p(r) is given by [7, 8] :
Here
1/2 is the local velocity of
1/3 is the Fermi momentum. Theσ(k F , p), the average quasi--free binary collision cross-section, is given as
Here, p (p ) and q (q ) are the laboratory frame momenta of the incident positron and target electron, respectively before and after the collision. The vectors p 0 and p f are the initial and nal momenta of the positron in center-of--mass frame of the binary system. The function N (k F , q)
refers to the target electron momentum distribution given
where
is the dierential binary crosssection based on the Rutherford scattering as
The function Θ(q , k F ) in Eq. (6) 
where ω = 2∆, with ∆ being the energy gap between the target ground-state energy and the nal energy of the originally bound target electron and
is the Heaviside unit step function, which equals to one when the argument is non-negative and zero otherwise.
The physical interpretation of Θ(q , k F ) is that, for an inelastic process to occur, the nal energy of the target electron q 2 /2 must exceed the Fermi energy E F = k system, the binding energy of which can reduce the inelastic threshold to energy below the threshold for excitation E excit . In fact, the quasi free absorption potential gives innite cross-sections as ∆ approaches zero. In our calculations of positron scattering from radon and radium atoms, we used for ∆ the non-zero positronium formation threshold E Ps . The average binary collision cross-sectionσ b can be expressed as
2.2. Cross-section and spin polarization
The theoretical methodology concerning the mathematical formulation of positronatom scattering has been discussed in [4] . So only a brief outline of the theory will be given here. The motion of the projectile positron in a central eld V (r) is described by the Dirac equation.
The motion of the projectile positron in a central eld V (r) is described by the Dirac equation
For central potential, the Dirac equation can be reduced to a set of two equations
where g ± is related to the radial part G ± of the large component of Ψ as
Here, we take the total energy of the incident particle as 
Here single and double primes denote the rst and second derivatives with respect to r, respectively. It should be noted that the last term of U ± in Eq. (13) corresponds to the two eigenvalues of the well-known spinorbit interaction, one due to spin up and the other due to spin
In the non-relativistic treatment of the Schrödinger equation, the above term is treated as a small perturbation along with the projectile target interaction. Here σ is related to the spin S as σ = 2S and the value of σ · L equals for j = ( + 1/2) and −( + 1) for j = ( − 1/2).
The proper solution of Eq. (12) behaves asymptotically as
where j and η are spherical Bessel functions of the rst and second kind, respectively, and δ ± are the phase shifts due to collision interaction. The plus sign corresponds to the incident particles with spin-up and the minus sign in δ to those with spin-down. The phase shift δ ± can be obtained from the values of the radial wave function g ± at the two adjacent points r and (r + h) (h r) at very large r as
.
In the present calculation, the wave functions g ± are obtained by numerical integration of Eq. (12) using Numerov's method. The two complex scattering amplitudes f (K, θ) (the direct amplitude) and g(K, θ) (the spin-ip amplitude) are dened as:
where θ is the scattering angle and P (cos θ) and P 1 (cos θ) are the Legendre polynomial and the Legendre associated functions, respectively. The elastic differential cross-section for scattering of the unpolarized incident electrons beam is given by
and the spin polarization parameters S(θ), T (θ) and U (θ)
have the forms by At low energies, the present phenomenological absorption potential appears not to bring any changes in the calculated values, however at higher impact energies, the results are presented in the both models SP and SPa.
In all cases, S-parameter exhibits a rapid variation with scattering angles. Our calculations show structure in the DCS curves between 20 • and 90
• , which become more pronounced with increasing atomic number. For both targets considered here DCS curves do not atten at all scattering angles. While it is clear that this structure is due to diraction eects, the precious physics at how and where the local minima arise in DCS at intermediate energies is not well understood to date.
Recently, an attempt to explain such structure for electron scattering was done using semiclassical approach [9, 10] . This semiclassical explanation, however, does not account for the structure seen in positron atom dier- ential cross-sections. One of the most interesting aspects of this study is that the use of the quasifree absorption potential remains a viable option for positron scattering from heavier atoms despite the fact that the positronium formation channel for these systems is always open [7, 8] .
We expect that there is a general explanation that accounts for the locations of the minima in both electron and positron scattering data; to data this is general explanation has not been worked out.
Angle-integrated elastic cross sections and contribution of partial waves
We have performed calculations in dierent models, which are abbreviated as follows: S, static only, SP, S plus, and polarizations potentials SPa the absorption potentials. In the present study we report our calculations SP and SPa model as obtained HF wave functions [6] .
Let us discuss rst our partial cross-sections for the s, p, d and f waves in SPa approximation for Eu and Bi as shown in Fig. 5a ,b. region E in < 10 eV, the main contribution to the partial cross-section is from f and p wave. In the elastic region, the maximum of the cross-section comes from f wave whereas near and beyond the inelastic threshold p wave makes maximum contribution. The maximum f -waves cross-sections arise from the shape resonance at energies E r equal to 1.1 eV for Eu atom and 0.68 eV for Bi atom.
The total cross-sections are also plotted in the gures in this model. Each curve shows a narrow low energy maximum followed by sharp fall of the cross-section up to rst inelastic threshold. Now turning our attention to Bi atoms as displayed in Fig. 5b it is seen that the total cross-section shows maximum at low energy and then falls o smoothly with the increase in the impact energies. The broad structure is due to the maximum in each of these p, d, f , and s partial cross-section.
Elastic, total, and momentum-transfer cross-sections
The results of our present integrated elastic, total, and momentum-transfer cross-sections for Eu and Bi atoms are presented in Tables II and III 
